Sea-urchin sperm tails (Strongylocentrotus purpuratus) were obtained by amputation in synthetic sea water and were purified by differential centrifugation. Most of the arms of the outer nine doublets and soluble matrix proteins were removed by this treatment. The central pairs of microtubules were dissolved by dialysis against EDTA at pH 7.5. The extract contained essentially a single component, with a sedimentation constant of 6S, in amounts sufficient to account for the protein content of the central pairs. Incubation of the extract with colchicine-3 H gave binding levels approaching 0.5-1.0 mole of colchicine per l05 g protein. Sucrose-gradient analysis showed that the bound-radioactivity profile coincided with the optical-density profile of the 6S protein. It is concluded that the 6S colchicinebinding protein is a subunit of microtubules.
INTRODUCTION
The principal structural feature of cilia and flagella is the nine plus two array of microtubules (1-3). Gibbons working with Tetrahymena cilia, showed that the structural proteins can be dissolved under fairly mild conditions. Consequently cilia provide 'the best starting material for the identification of 'the subunit protein of microtubules.
It was shown previously (4, 5) that colchicine forms a complex with a protein present in the isolated mitotic apparatus (MA), cilia, and brain tissue, and it was suggested that the binding protein is the subunit of microtubules. The object of the present investigation was to obtain a protein from sea-urchin sperm tails which could be identified as the subunit of microtubules and to demonstrate that this protein is responsible for the colchicine-binding activity. Once this point has been established, the isolation of the protein in large amounts for physical and chemical studies can be carried out with a more easily available source of material.
MATERIALS AND METHODS

Isolation of Sperm Tails
Strongylocentrotus purpuratus sperm were obtained from Pacific Biomarine Supply Co., Venice, Calif. The ejaculate was diluted with two volumes of synthetic sea water and the tails were detached by repeated passage through a 22-gauge hypodermic needle. The majority of the membranes were loosened or removed by this procedure. The preparation was layered over 25% sucrose and was centrifuged for 15 min at 2200 rpm to sediment the heads. The top layer was removed and the sedimentation step was repeated. The top layer, which was now essentially free from heads, was pelleted by centrifuging for 10 min at 20,000 rpm. All steps were carried out in a 4°C cold room.
Extraction of Axonemal Proteins
Owing to the high ionic strength of sea water and the removal of the majority of the membranes in the amputation step, about 65% of the total sperm-tail protein and 80 85"% of the ATPase activity goes into solution during amputation and purification of the tails. The resulting axoneme appeared to have no membrane, few side arms on the outer doublets, and few subfibers, but about 70% of the central pairs of tubules were present. (Fig. 2 a) .
The pellet of tails was washed by resuspension in 10 ml of 0.01 M tris-thioglycolate buffer, pH 7.5 containing 10 -3 M MgCI2 and was centrifuged for 10 min at 20,000 rpm; the pellet was resuspended in 1 inm tris-thioglycolate and 0.1 lmM EDTA at pH 7.5 (tris-EDTA) and dialyzed against 500 volumes of the same solution as previously described by Gibbons (2) .
Aliquots were taken at various times and sedimented at 25,000 rpm for 10 min. Portions of the pellets were fixed for electron microscopy, and the supernatants were used for determination of protein content and colchicine binding.
Colchicine Binding
Extracts were incubated for 1 hr at 37 0 C with 
Electron Microscopy
Pellets from the extraction experiments were fixed for I hr in 1% buffered osmium-tetroxide (3) or for 2 hr in 20 glutaraldehyde, pH 7.3, followed by postfixation in osnmium tetroxide. Specimens were dehydrated in a graded series of alcohols, embedded in Araldite, and sectioned with a Porter-Blum microtoinme. Sections were stained with 1% uranyl acetate followed by 0.1% basic lead-citrate and examined in an RCA EMU 3G microscope.
The relative number of central pairs of microtubules present after various periods of extraction was determined by counting 100 axoneines in which the full complement of outer doublets was present in a ring or semicircular pattern. This probably has led to an overestimate of the number of central pairs present since single tubules are rarely, if ever, seen in association with axonemes when the circular pattern is disrupted or when less than the full complement of nine doublets is present. Counting was done directly at the microscope and then rechecked from a large number of photographs presented to an independent observer in an unknown time sequence.
RESULTS
Dialysis of the purified tail preparation against tris-EDTA released a protein which showed high colchicine-binding activity. The time course of release of protein and binding activity is shown in Fig. 1 . Maximum specific activity was obtained in 3 hr at which time about 80% of the extractable protein had dissolved. The decrease at longer times arises from the lability of the binding sites (4) which more than compensates for any further release of protein. FIGURE 1 Release of colchicine-binding activity and loss of central pairs on dialysis of sperm tails against 0.1 mM EDTA in 1 mM tris-thioglycolate buffer. Colchicine binding was determined by incubation of an aliquot with 2.5 X 10-6 M colchicine-3H for 1 hr at 37°C followed by gel filtration on G-100 Sephadex. Protein was determined by Lowry ilethod (6). Pellets were fixed and examined by electron microscopy. For details see text. Examination of the pellets in the electron microscope showed a loss of central pairs during dialyses. The removal of central pairs followed a time course similar to the release of protein and binding activity (Fig. 1) . Counting of central pairs is subject to relatively large errors but the general conclusion that the central pairs are progressively lost during dialysis was clearly established. The appearance of the axonemes at the beginning of dialysis and after 3 hr is illustrated in Fig. 2 
a, b.
A small amount of ATPase activity (dynein) was present in the extracts; ATPase activity amounted to less 20 % of the dynein activity of the whole tails. The ATPase activity was essentially released during the first hour of dialysis.
Since the central pairs are stabilized by low concentrations of KCI (2), tails were also dialyzed for 3 hr against tris-EDTA containing 0, 5, and 10 mM KCI. The release of binding activity was decreased twofold in 10 mM KCI. In this case the ATPase which appears to be the main nontubule component of the extracts should make a constant contribution to the protein released. In addition the loss of binding sites by denaturation should be the same. Thus the change in amount of binding activity correlates with the solubility of the tubules at various ionic strengths.
The 3 hr tris-EDTA extract was examined by analytical ultracentrifugation (Fig. 3) after addition of 0.1 M KCI. There was a small peak at 14S but the majority of the material was present as a single peak, S20,w = 5.5-6S in various experiments. The value of S20,w extrapolated to zero concentration in 0.1 M KCI, pH 7.5 was 6.2S.
The peak of protein and bound radioactivity from a Sephadex column was subjected to zone centrifugation (Fig. 4) . A small peak present at 14S showed ATPase activity but no colchicine binding. The bound colchicine and more than 85 % of the total protein present migrated together with a sedimentation constant of 6S. The protein profile on the high S side of the peak was slightly higher than the radioactivity. This result may be partly due to dissociation during the run but if it is caused by the presence of a higher S protein this protein would be less than 10% of the total present in the peak. If the 6S material is allowed to stand or if the concentration is raised above 2-3 mg/ml the ultracentrifuge peak broadens and becomes asym- (Fig. 5) . Six or seven faint bands were detectable by running at a much higher protein concentration; this indicates that separation was obtained in the electrophoresis experiments. Therefore the 6S peak consists of essentially a single species of polypeptide chain.
CONCLUSIONS
Extraction of sperm tails with tris-Versene leads to the disappearance of the central pair of microtubules with the same time course as the appearance in solution of colchicine-binding activity. The extract contains a small amount of dynein probably derived from arms of outer doublets not removed in the washing procedure, but the possibility that the enzyme is associated with central pairs is not ruled out. The major component (85% of the protein) has a sedimentation constant of 6S, yields essentially a single band on disc electrophoresis, and accounts for all of the colchicine-binding activity. The binding was as high as 5 X 105 cpm per mg protein which corresponds to the binding of 0.5-1.0 moles of colchicine per 105 g of protein.
Since the profiles of bound count and protein optical-density are nearly superimposed in density-gradient sedimentation, the 6S material appears to be reasonably homogeneous in terms of binding activity. Thus the results strongly support the conclusion that the 6S colchicine-binding protein obtained from the mitotic apparatus, cilia, dividing cells, and brain tissue is a subunit of microtubules.
It might be argued that the colchicine-binding protein is not the central-pair protein but comes from secondary filaments or some matrix protein which cannot be seen with the electron microscope. This explanation is very unlikely. The protein remaining after extraction of the central pairs should be almost all in the outer ninedoublet microtubules. The amount of protein in this fraction was about 10 times larger than the amount of 6S material after correcting for loss of about 30% of the central pairs before the beginning of dialysis. Thus the amount of 6S protein corresponds to the amount expected to be present in the central pair, and no other protein peak was present in the extract in sufficient quantity to account for the central pair.
The 27S protein, isolated by Kane (7), which is a major component of the mitotic apparatus of the sea urchin egg, was not detected in the extracts of sea urchin sperm tails.
The primary purpose of these experiments was to establish that the 6S binding protein is a subunit of microtubules and although the evidence supports this conclusion, a number of important questions remain to be answered. A more detailed study of the properties of the tubule subunit from sperm and cilia will be reported elsewhere but it is necessary to discuss briefly the relation of the 6S subunit to the protein obtained from outer nine tubules of cilia by Gibbons (2), Renaud et al. (8) and from mitotic apparatus by Sakai (9) .
The outer nine-doublet tubules were dissolved by overnight dialysis against 10-2 M mercaptoethanol pH 9.5 or carbonate buffer pH 10.5. In the ultracentrifuge the main component has a sedimentation constant, S20,w extrapolated to zero concentration of 6.1S. However spreading of the peak and asymmetry on the leading edge indicates the presence of both lower and higher S components. Colchicine-binding activity was quite low but the conditions necessary to dissolve the material would be expected to reduce the binding to extremely low levels.
Preliminary molecular-weight determinations on central pair and outer nine proteins gave values of about (65 10) X 103 and (50 10) X 103 for the lowest molecular weight component by the meniscus-depletion method (10) . However, the average molecular weight was in excess of 100,000 indicating that the systems contain dimers and higher aggregates of the smallest component. In guanidine hydrochloride the reduced and alkylated central-pair material had a molecular weight of about (60 10) X 103 from sedimentation constant and intrinsic viscosity measurements based on the calibration for randomly coiled proteins given by Tanford et al. (11) .
The proteins from central pair and outer nine tubules therefore appear to be similar, but the question of identity cannot be settled by the evidence available at present.
From Tetrahymena cilia, Gibbons (2) and Renaud et al. (8) have obtained a 4S-tubule protein with a molecular weight of 60,000 in guanidine hydrochloride as well as a 6S protein of molecular weight 110,000 from acetone powders. It, therefore, appears that the protein described here is similar to that of Gibbons et al. (3) . The differences in sedimentation constant and molecular weight are probably due to methods of preparation and species differences. There are also similarities in the properties of cilia and sperm-tail proteins and the protein obtained from mitotic apparatus by Sakai (9) , but because of differences in methods of purification a more detailed comparison will be necessary to establish identity.
Preliminary studies of colchicine-binding activity found on dialysis of Tetrahymena cilia against tris-EDTA after prior removal of the membranes by digitonin gave the order of one-tenth of the activity found in sperm tails. This difference in binding activity is probably accounted for by the extraction of dynein and matrix protein with the central-pair protein plus the loss of binding activity during the longer dialysis period used with cilia. Calculations based on the results of Gibbons indicate that the central tubules would make up only about 20 % of the proteins extracted in this manner, a figure in reasonable agreement with the binding levels observed.
Binding to 4S protein of the outer doublets was quite low but overnight dialysis against 0.5 M KCI pH 8 had to be used to dissolve the protein. The same treatment applied to binding sites from brain or dividing cells leads to at least a 10-fold loss in binding activity.
